1998; Ikematsu et al., 1999). The family proteins (Tob
were similar to those in wild-type mice, indicating that increased bone mass in tob Ϫ/Ϫ mice was not due to biological importance of Tob family proteins in vivo is unclear. Here, we report that the Tob protein functions the alteration of these bone metabolizing hormones or factors. These data suggest that Tob is directly involved in the process of BMP2-dependent bone formation through its ability to bind Smad1, Smad5, and Smad8.
in either stimulation of bone formation or suppression of bone resorption. Results
Increased Osteoblast Surface and Bone Formation Targeted Disruption of tob and Germline Rate in tob-Deficient Mice Transmission of the Mutated Allele
To determine whether the increase in trabecular bone The murine tob gene was obtained from a genomic limass was due to altered bone remodeling, we examined brary constructed from 129/Sv mouse genomic DNA in three markers: osteoblast surface (ObS/BS, proportion phage (Yoshida et al., 1997). The coding region of the of bone surface covered with osteoblasts), osteoclast mouse tob gene consists of only one exon ( Figure 1A) . surface (OcS/BS, proportion of bone surface covered The targeting vector contained a PGK-neo cassette for with osteoclasts), and eroded surface (ES/BS, proporpositive selection and a DT-A cassette for negative setion of bone surface eroded by osteoclasts) in 4-and lection against random integration of the targeting vec-9-month-old mice. The osteoclast surface and eroded tor. It also contained 10.5 kbp and 2 kbp genomic DNA surface in tob Ϫ/Ϫ mice were equivalent to those in wildflanking the neo cassette at 5Ј and 3Ј ends, respectively type littermates (Figures 2B and 2C), suggesting that ( Figure 1A ). J1 embryonic stem (ES) cells (Li et al., 1992) increased bone mass in tob Ϫ/Ϫ mice was not due to were electroporated with the linearized targeting vector reduced osteoclast numbers or impaired osteoclast and subjected to neo selection. Among 160 indepenfunction. In contrast, the osteoblast surface, a reliable dently selected ES cell clones, clones with correct gene indicator of osteoblast population, was increased signiftargeting were identified by Southern blot. Indepenicantly in tob Ϫ/Ϫ mice and was 250% greater than that of dently identified tob-targeted clones were injected into wild type ( Figure 2D ). Furthermore, the double-labeling C57BL/6 recipient blastocysts, and male chimeras obanalysis with calcein, a marker of newly formed bone, tained were crossed to C57BL/6 females. Germline showed that the bone formation rate was increased in transmission of the ES cell genome was monitored by the long bones of tob Ϫ/Ϫ mice in comparison to that inspection for agouti coat color and by Southern blot of wild-type littermates ( Figures 2E and 2F ). Thus, we hybridization analysis of genomic DNA obtained from concluded that the increased bone mass in tob Ϫ/Ϫ mice mouse tails. Mice heterozygous for the disrupted tob was due to increased osteoblast numbers and acceleraallele (tob ϩ/Ϫ ) were crossed to obtain animals homozytion of the bone formation rate. gous for the mutation (tob Ϫ/Ϫ ). Southern blot and Western blot analyses revealed that the wild-type tob alleles were disrupted ( Figures 1B and 1C) .
Expression of tob in Osteoblasts
We examined tob expression in developing limbs from d14.5 and d18.5 embryos by in situ hybridization analyIncreased Bone Mass in tob-Deficient Mice Homozygous tob knockout (tob Ϫ/Ϫ ) mice were alive at sis. Significant tob expression was detected in the periosteum of the bone collar in the d14.5 bone rudiment birth and were obtained at predicted Mendelian frequencies. No apparent phenotypic abnormalities were ob-(data not shown) and in the d18.5 metatarsal bone (Figure 3A) . These are the regions where bone is initially served within a year after birth except that the bone mass was increased compared with that of wild-type formed. tob transcripts were also found in the core region beneath the bone collar of the bone rudiment but littermates. Microfocus X-ray computed tomography revealed that the bone mass of tob Ϫ/Ϫ mice was approxinot in the proliferating chondrocytes ( Figure 3A) . The data suggest that tob was enriched in osteoblasts and mately 130% of that of control littermates at 2 months of age (p Ͻ 0.01 Student's t test, nϭ4). Obvious increase was expressed moderately in hypertrophic chondrocytes. Northern blot analysis further showed tob to be was not observed in the bone mass of mutant mice compared to control mice at 2 weeks of age. Histological expressed in calvaria-derived osteoblasts and clonal osteoblastic MC3T3 cells ( Figure 3B ). A relatively low study of undecalcified sections of tibiae also showed the increase in trabecular bone of tob induced in response to recombinant human (rh) BMP2 cycloheximide downregulates repressor(s) for tob gene expression or upregulates tob mRNA stability. In primary stimulation ( Figure 3C ). Induction of tob mRNA by rhBMP2 was augmented in the presence of cyclohexicalvaria-derived cells, rhBMP2-induced tob mRNA expression peaked at day 5 of rhBMP2 administration (Figmide (Figure 3D ). The data suggest that de novo protein synthesis is not required for this response and that ure 4C). BMPs belong to the transforming growth factor-␤ su-4B). Thus, both TGF-␤ and bFGF signalings were normal in tob Ϫ/Ϫ calvaria-derived cells. We then examined the perfamily and are implicated in osteoblast differentiation. We, therefore, postulated that Tob could be inexpression of the ALP and osteocalcin genes, which are markers of mature osteoblasts, by Northern blot analysis volved in BMP-induced osteoblast differentiation. To test this possibility, calvaria-derived cultures containing of mRNAs from calvaria-derived cells ( Figure 4C ). The induction of ALP by rhBMP2 was augmented in the cells osteoblast precursors and/or immature osteoblasts of wild-type or tob Ϫ/Ϫ mice were exposed to rhBMP2 for of tob Ϫ/Ϫ mice in comparison with that of wild-type mice. The level of rhBMP2-induced osteocalcin expression 7 days, and the ALP activities in cell extracts were examined. The rhBMP2-induced ALP activity was elevated in was also higher in calvaria-derived cells of tob Ϫ/Ϫ mice than in those of wild-type mice. Because BMP2 induces the absence of Tob in comparison to that in the presence 
regulation.
On the basis of our results, we propose a model of
